Abstract-The demand for optical waveguides integrated into Printed Circuit Boards (PCBs) is increasing as the limitations of copper interconnects for greater than 10 Gb/s data rates are being reached. Optical polymer materials offer a good solution due to their relatively low cost and compatibility with traditional PCB manufacturing processes. Laser ablation is one method of manufacture, for which excimer lasers have been used, but UV Nd:YAG (Neodymium-doped Yttrium Aluminium Garnet) lasers are an attractive alternative due to their widespread use within the PCB industry for drilling vias. In this paper, 355 nm, 60 ns pulse length UV Nd:YAG laser ablation of Truemode™ acrylate-based optical polymer was investigated. The UV Nd:YAG laser was found to be able to ablate the polymer efficiently and the effects of laser ablation power and pulse repetition frequency (PRF) on depth of ablation were studied and used to determine preferred settings. 45 m 45 m multimode optical waveguides were fabricated to demonstrate the process and optical loss measurements were carried out. These measurements demonstrated that the structures were able to transmit light at the data communications wavelength of 850 nm (NIR), but further work is required to reduce the level of loss. The use of UV Nd:YAG as a possible alternative to excimer for laser micromachining would facilitate the rapid deployment of the optical technology within the PCB industry.
there has been ongoing research inclined towards adapting the same principles for use at the printed circuit board level driven by the requirements for higher data transfer rate, higher density interconnections and smaller package sizes amongst others, which have proven impracticable and uneconomic using conventional electrical connections [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . For this technology, polymer waveguides are favoured not only because of the ease of their fabrication and integration with other optoelectronic devices, but more importantly because of their compatibility with printed circuit board (PCB) manufacturing processes, e.g., lamination [14] [15] [16] [17] .
A number of different methods of fabricating polymer optical waveguides have been demonstrated in the literature including photolithography, wafer-level stack process and laser direct writing [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Laser ablation offers an alternative approach. Fig. 1 shows a schematic diagram of the three main stages involved in fabricating polymer waveguides by laser ablation in a single layer as considered in this paper. In the first stage, liquid optical polymer is spun on FR4 laminates and subsequently UV cured to form both the lower cladding and the core layers. Laser ablation is carried out in the second stage to machine channels/tracks such that a ridge of polymer is left in-between the channels to form the waveguide. For one or more adjacent waveguides, the number of grooves required is equal to , where is the number of adjacent waveguides. Finally, a layer of upper cladding is deposited using spin coating and then UV cured. For data communication applications low cost is essential and so multimode waveguides are preferred due to the reduced cost of alignment of input and output optical components although recent research has shown how high alignment accuracy can be achieved at low cost [27] .
Laser ablation is commonly used to fabricate microvias for high density interconnects in the PCB manufacturing industry [28] [29] [30] [31] . The initial use of carbon dioxide (CO ) lasers for laser micromachining offered a significant improvement, in terms of speed and quality, over traditional mechanical hole drilling. However, the width of the machined hole obtained with CO is only in the range of 100-200 m, which is becoming insufficient for current small-size high density multilayer PCB circuits for optoelectronic and photonic devices [30] , [32] . In addition, copper which is used for the conducting tracks in current PCBs, reflects light at 10 m [28] wavelength, which is near the CO laser wavelength of 10.6 m making the CO laser unsuitable for drilling through-hole vias in multi-layer PCBs. These challenges have been overcome with the introduction of the Neodymium-doped Yttrium Aluminium Garnet (Nd:YAG) laser that offers, among other benefits, a smaller spot size and a wavelength or wavelengths ( m nm) that are readily absorbed by copper [33] , [34] . However, Nd:YAG lasers have not yet completely replaced CO lasers in the PCB industry as the CO laser is the most suitable laser for blind hole via drilling as it terminates at the dielectric material-copper layer interface without causing damage to the copper pad [28] .
Excimer laser ablation of polymers, typically at 193 nm (with ArF) and 248 nm (with KrF), has been repeatedly reported in the literature [35] [36] [37] [38] . In this technology, high quality micromachining, sometimes referred to as 'cold ablation', is thought to be due to the UV absorption and the short pulse time of the excimer laser. Therefore, since UV Nd:YAG (355 nm wavelength) lasers offer the same features, this paper investigates whether they could be adapted to perform a similar action. Little earlier research has been reported for their application for use in polymer waveguide fabrication except in [35] , [39] , [40] where waveguide fabrication of ORganic MOdified CERamic (OR-MOCER) was performed at 1 mm/s, for which both energy and pulse repetition frequency (PRF) were observed to have an impact on the smoothness of the waveguide side wall which is crucial to minimise propagation loss, but further optimisation was required. Steenberge, et al. [39] noted that both photothermal and photochemical processes were present during the fabrication, due to the higher wavelength (355 nm) of the UV Nd:YAG compared with the KrF excimer laser; although, waveguide loss measurements were not reported and the values of wall roughness were not stated. The first measurements of side wall roughness of polymer waveguides have only been reported recently [41] , [42] . For the aforementioned points, this paper investigates the use of a UV Nd:YAG laser as contribution to the ongoing drive in the deployment of Optical Interconnects (OI).
II. EXPERIMENTAL DESIGN AND MEASUREMENT
The UV Nd:YAG laser used in this work was a diode-pumped frequency-tripled UV Nd:YAG laser system manufactured by Electro Scientific Industries (ESI) model 5200 UV Via Drill, which is hosted by Stevenage Circuits Limited. This operates at a wavelength of 355 nm (i.e., near ultraviolet) with 60 ns pulse-width, and with laser ablation power and pulse repetition frequency (PRF) of up to 3 Watts and 20 kHz respectively. The beam intensity profile was Gaussian with a fixed beam diameter of 25 m at the full width half maximum. Therefore, machining a groove of dimensions greater than 25 m wide required the beam passes to be overlapped. Experiments were conducted to determine the effects of laser ablation power and PRF on the machining of grooves. Depth measurements of the features (ablated tracks and waveguides) were carried out after a cleaning process was undertaken and upper cladding had been applied where applicable. For this, the samples were diced, mounted and polished such that the depth measurement could be obtained by looking at the cross-section profiles of the ablated structures using a backlight Flash™ 200 optical measuring device.
III. SAMPLE PREPARATION AND FABRICATION
In this research, Truemode™ photopolymer provided by Exxelis Ltd, Edinburgh, U.K. was used. It is a UV-curable mixture of acrylate and methacrylate monomers with initiators and accelerators that is liquid at room temperature. The fact that its absorption loss is very low with a typical value of dB/cm @ 850 nm wavelength in photolithographically fabricated waveguides and that it can withstand conventional PCB fabrication, i.e., high pressure lamination and high temperature solder reflow processes, makes it a suitable choice for OI [43] . There are various formulations of this polymer available from the supplier. For the work reported in this paper, EXX-clad 277 and EXX-core 37E formulations were used having refractive indices of 1.5265 and 1.5560 respectively at 850 nm.
The stages or processes involved in laser ablation of a polymer waveguide as employed in this research are shown in Fig. 2 . Single layer waveguide fabrication was the focus of this research, as this is currently enough to provide the bandwidth density requirements for OI; future work could extend these processes to multiple layers of waveguides such as those considered in [37] . Prior to polymer deposition, FR4 samples were normally cleaned in methanol to remove micro-particles from the substrate surface; the samples were then dried in an oven at 80 C-100 C for about 1 min to ensure they were moisture-free. Due to possible debris deposition on the ablated structures and other forms of contamination, samples were also cleaned using either methanol or iso-propanol, before depositing the upper cladding and also during sampling and polishing of mounted sample(s). In the case of serious contamination which could be observed visually, and sometimes, with the aid of an optical microscope, ultrasonic agitation (sonication) was additionally required. This was achieved by putting the sample(s) in a beaker containing methanol or iso-propanol which was then immersed in an ultrasonic bath. The sonication period varied [4] [5] [6] [7] [8] , [15] , [39] , [44] . The lower cladding and core layers were deposited sequentially, with the lower cladding layer cured before deposition of the core layer. Curing of the polymers was carried out by exposure to UV light for 3-4 minutes in an oxygen free nitrogen atmosphere to cross-link the polymer and finally oven-baked at 100 C for 60 minutes. Thicker layers were prepared using multiple deposition cycles.
IV. FEASIBILITY STUDY-INITIAL LASER MACHINING
The initial trial was largely focused on the laser-material interaction with particular emphasis on the laser beam absorption and the possibility of using this class of laser to process Truemode™ acrylate based photopolymer. A similar laser has been reportedly used for ablating other polymers [28] , [30] , [45] . A first micromachining trial was conducted with the UV Nd:YAG laser using the host (Stevenage Circuits Ltd, U.K.) parameter settings suitable for processing PCB materials. The results showed poor machining of the Truemode™ polyacrylate material which were thought to be due to incorrect selection of parameters; further trials were however carried out with emphasis on improving the process. Following the trials, the authors observed: (i) that the Truemode™ polyacrylate photopolymer absorbs at the UV Nd:YAG wavelength of 355 nm, (ii) that laser ablation power and PRF are salient factors that affect the depth of ablation and thus require further investigation, and (iii) that ablation at relatively high speed above 30 mm/s is not suitable and similarly, relatively high laser ablation power above 0.3 Watt is too thermally-damaging for the material. This formed the basis of the choice of the 'operating window' used during the subsequent laser characterisation.
V. LASER SYSTEM CHARACTERISATION
The effects of the laser ablation power and PRF on the depth of ablation were studied. In each case, all factors were kept constant with the exception of the one under investigation and used to ablate 75 m wide, 50 mm long channels. 
A. Laser Ablation Power
In this experiment, all factors were fixed while the laser ablation power was increased at an interval of 0.05 Watt from 0.1 Watt to 0.25 Watt. Figs. 3 and 4 show optical microscope images of the cross-section and plan views respectively of the four different channels machined at 0.1 Watt, 0.15 Watt, 0.2 Watt and 0.25 Watt input laser ablation power. It is obvious from the cross-sectional view of the ablated structures shown in Fig. 3 that an increase in laser ablation power resulted in an increase in the amount of material removed with minimum and maximum etch achieved at 0.1 Watt (Fig. 3(a) ) and 0.25 Watt (Fig. 3(d) ) respectively. The ablated channels at these settings (with laser ablation power varying) produced straight edges as shown in Fig. 4 . Fig. 4 also shows that the width of the ablated groove increases with an increase in laser ablation power, which might be due to a thermal effect as the laser ablation power density increases. It is observed that the structures are tapered; this tapering effect can be due to a number of factors such as the beam profile (Gaussian in this case), beam shape, which is circular, and incident light diffraction [36] , [46] . The figures also show some black carbonised debris remaining in the bottom of the hole in Fig. 3 
(b), (c) and (d).
The graph shown in Fig. 5 is a plot of the relationship between the input laser ablation power and the depth of ablation which indicates a direct relationship between the two factors. The ablation (power) threshold at 10 kHz and 10 mm/s is obtained by extrapolating the graph in Fig. 5 , which is Watt. The estimated threshold here suggests that the ablation of Truemode™ polyacrylate using this system at this setting ought to be carried out at a value greater than 0.08 Watt, however, the operating laser ablation power should be maintained only a little above the laser ablation power threshold, e.g., 0.1 Watt-0.2 Watt, to avoid the dominance of photothermal over photochemical processes. This data further supports the observation made during the initial trials where ablating at high laser ablation power produced poor results.
A curve fitting (represented by the dotted line in Fig. 5 ) provided a mathematical means of representing/interpreting the behaviour of the process as shown in (1), where is the depth of ablation in microns and , the input laser ablation power in Watts. A similar graph showing the relationship between the laser ablation power and the depth of ablation is plotted in Fig. 6 with the x-axis representing the ratio of the input laser ablation power to the estimated laser ablation power threshold denoted as and respectively. The ablation power threshold, , used is that obtained earlier (from Fig. 5 ) of 0.08 Watt. The resulting (1) and (2) are similar with each having an of 0.9982 and the coefficient of the logarithmic term in both equations is also equal with a value of 488.54.
-squared is a measure of correlation of data having a minimum and maximum value of 0 and 1 respectively; the closer this value is to unity the better the relationship between two variables. The fact that the values obtained for (1) and (2) are very close to unity suggest that logarithmic equations fit well to the laser-material interaction at this wavelength. It is worthwhile mentioning at this point that an attempt was made to fit the curve with other 'models' such as linear and exponential regression lines, but the values obtained were lower than that of a logarithmic function. For example, the for linear and exponential fittings were 0.9889 and 0.9641 respectively. Although, these values also showed a high degree of correlation, nevertheless, the logarithmic function still offered a better degree of confidence. Furthermore, the two commonly cited 'models' for laser material processing, namely, Beer's law and Srinivasan-Smrtic-Babu (SSB)'s model, are also based on a natural logarithmic relationship [47] .
As previously mentioned, Steenberge et al. [39] observed that due to the high wavelength of UV Nd:YAG compared to excimer lasers, the photothermal process cannot be ignored for ablation (of ORMOCER) at this wavelength. Yung et al. also concluded in [31] that due to an apparent melting effect during the ablation of polyimide at 355 nm, the mechanism has a photothermal contribution. The regression lines ( (1) and (2)) plotted on the graph of the relationship between the laser ablation power and depth of ablation have two terms/parts. This is similar in form to Srinivasan-Smrtic-Babu(SSB)'s mathematical representation [47] of the laser ablation process with two terms each representing photothermal and photochemical contributions. Therefore, the authors favour the complementary effect of photochemical and photothermal mechanisms for 
B. Pulse Repetition Frequency (PRF)
Reports have indicated different behaviours, depending on the laser wavelength and material absorption, with regard to the effect of the pulse repetition rate/frequency (PRR/PRF) on the depth of ablation. To investigate the relevance of PRF, all other experimental parameters: laser ablation power, translation stage speed and number of scans were kept constant at 0.1 Watt, 5 mm/s and 4 passes respectively with the exception of PRF, which was increased at intervals of 5 kHz between 5 kHz and 20 kHz. Fig. 7 shows the cross-section of the four different channels ablated by changing the PRF, while Fig. 8 is the plan view of the same set of channels. The plot of PRF against the depth of ablation is shown in Fig. 9 ; this indicates a decrease in ablation depth from 5 kHz to 15 kHz, thereafter, a steeper increase is noticed from 15 kHz to 20 kHz.
In the first three instances, i.e., from 5 kHz to 15 kHz, where there was a decrease in the depth of ablation as the PRF increased, it could be argued that the depth decrease was due to the fact that though more pulses per area were released per second at higher frequencies, the energy per pulse was reduced. This is because, since the average laser ablation power of the laser remained constant at 0.1 Watt, the energy per pulse, which is equal to the average laser ablation power divided by the PRF, decreased. In other words, both the PRF and energy per pulse played their individual role at this instance. A sudden rise in the depth of ablation at 20 kHz, which has the least pulse energy, can only be explained if the ablation at 355 nm is considered to be both photochemical and photothermal [39] , [45] . While the former is a function of pulse energy and ablation threshold, the latter is related to an effective frequency factor, activation energy and temperature [47] . In other words, the ablation caused by a photothermal process is largely independent of the pulse energy, but rather depends on the thermal energy at the ablation zone, which increases for example when excess pulses are used at high PRF.
Furthermore, it could be that PRF has no direct effect on the quantity of ablation within this PRF range as some authors have reported [48] for excimer laser ablation of polymers with high absorption coefficients, namely: polycarbonate (PC), polyethylene terephthalate (PET), polyimide (PI) and polystyrene (PS). It is also possible that specific PRFs perform better at particular combinations with other parameters. In other words, the effect of PRF is determined and influenced by a combination of other factors.
In addition to debris in the bottom of the hole in Fig. 7 , a black spot is observed at the lower cladding-FR4 region (Fig. 7(d) ), which is probably caused by laser light transmitted down to the next interface between the materials causing a localised heating.
VI. UV ND:YAG POLYMER WAVEGUIDE FABRICATION
Since a single guide was employed in all instances of the fabrication process, two grooves were machined with the spacing between the two equal to the width of the intended waveguide. As shown earlier in Fig. 1 , the depth of the grooves went beyond the core layer into the lower cladding. Once the fabrication exercise was accomplished, the samples were then analysed mainly to detect the presence of a 'continuous' waveguide prior to loss measurement; this was achieved by passing light (from a Flash™ 200 optical measuring device) into one end of the guide for possible detection at the other end, i.e., backlighting, and this was used to determine the waveguide dimensions. Fig. 10 shows the image of a single multimode waveguide of 45 m 45 m and 60 mm long illuminated from behind using the Flash™ 200 system; the structure was made by ablating m wide grooves in Truemode™ polyacrylate.
Having demonstrated the viability of polymer waveguide fabrication, subsequent experiments were centred on studying the effects of the laser system variables on the optical transmission loss of the waveguides, which is rarely investigated/discussed for laser ablation fabricated waveguides. That is to say, the research aimed to fabricate waveguides with one variable changing while other factors were fixed in order to understand how this variable contributed to the propagation loss. The propagation loss measurements for the waveguides were carried out at University College London (UCL) using an input multimode (MM) uncooled Vertical Cavity Surface Emitting Laser (VCSEL) at nominally 850 nm wavelength (depending on its temperature) as the input light source, which was coupled to a 10 m 50/125, 0.2 NA, step index multimode fibre for launching light into the waveguides. The optical fibre was wound around a cylinder to fully fill the modes and this was checked to confirm that they had been fully filled. An integrating sphere photo detector (PD) was used to monitor the output laser power emerging from the waveguide channel and a 70 m circular pin-hole was placed in front of the integrating sphere to filter out most of the light passing through the cladding. Both the integrating sphere photodetector and the light launching fibre were mounted on 3-axis motorized translation stages for alignment to the waveguide. This measurement method gives the total insertion loss (3) where, and are the Insertion loss, Propagation loss, Waveguide length and combined input and output Coupling loss respectively. Reference [49] indicates how the various components of the total loss can be established. (3) However, since the "cut-back" method was not employed in this measurement, the loss reported here for the samples are the total waveguide loss. Therefore, propagation losses were calculated based on the coupling loss obtained from other measurements carried out on the same system which was dB. For the purpose of loss measurement, the effect of varying the laser ablation power and PRF from 0.11 Watt to 0.13 Watt and 8 kHz to 12 kHz respectively were considered while keeping the translation speed and number of passes constant at 5 mm/s and 1 scan in all cases. Additionally, an ablated channel of m wide was used for all the samples with a spacing of 50 m left between the channels to represent the waveguides. The parameters were chosen following the laser system characterisation results presented above; for example, the PRF was kept within the range 5 kHz-15 kHz where its relationship with the depth of ablation was close to linear. The input laser ablation power and translation speed were maintained at the minimum possible values, i.e., below 0.15 Watt and 5 mm/s respectively, as this was found to give better quality ablation. The minimum input laser ablation power helped in reducing the thermal damage that could result from the photothermal contribution to the process while the low scanning speed ensured optimum pulse overlap and smooth edge finish.
With varying laser ablation power, the PRF, translation stage speed and number of passes were kept fixed at 5 kHz, 5 mm/s and 1 scan respectively; while with changing PRF, input laser ablation power was maintained at 0.12 Watt and the number of passes and the speed of the translation were both fixed at 5 mm/s and 1 scan. In all cases, the length of the fabricated waveguides were 40 mm. Fig. 11(a) is the plot of PRF against insertion loss and Fig. 11(b) is the plot of laser ablation power against the insertion loss.
In Fig. 11(a) , for an increase in PRF from 8 kHz to 12 kHz there appears to be a slight decrease in the insertion loss of the waveguide. A possible explanation of this effect is that, at high PRF, the stability and intensity distribution of the laser beam was improved. As a result of this improvement in the beam quality, the ablated profile became better. In addition, since the energy per pulse at constant average laser ablation power decreases as the PRF increases, it thus follows that the decrease in the insertion loss in this case corresponds to lowering the pulse energy used during the ablation process. This means that, for the range of parameters considered, the minimum insertion loss was achieved at 0.01 mJ/pulse obtained by dividing the input laser ablation power with operating PRF, i.e., 0.12 Watt/12 kHz. Fig. 11(b) shows that an increase in laser input power caused a corresponding increase in the insertion loss over the range of values considered. This relationship between the laser ablation power and loss could be due to the thermal damage that might have been caused by the excess laser ablation power. In addition, it could be argued that the excess laser ablation power input caused some changes in the material characteristics such as sidewall roughness and/or refractive index [50] , [51] which might affect the containment of light in the core by TIR thus contributing to the optical loss along the waveguide channel.
In Fig. 11(c) , a plot of insertion loss versus the energy per pulse is presented; the pulse energies used in this case were those calculated from Figs. 11(a) and (b) assuming the fact that energy/pulse (mJ) is equal to input laser ablation power (Watt) divided by the PRF (kHz) as previously asserted. Due to the high loss value obtained for the 0.015 mJ/pulse it is difficult to draw clear conclusions from the data, however depending on the significance of this data point, it would seem that lower pulse energies produced waveguides with lower insertion loss.
In this study, the minimum insertion loss was 10.2 dB obtained independently at (i) 5 mm/s, 5 kHz and 0.11 Watt, and (ii) 5 mm/s, 12 kHz and 0.12 Watt. The combined input and output coupling loss was measured to be dB on a similar waveguide sample. If we assume that the coupling loss is at the same level in this case, then the propagation loss of the laser ablated waveguide is dB/cm. This is quite promising considering the range quoted in the literature [30] , [52] [53] [54] coupled with the fact that there was no precedence (for this class of laser) upon which a benchmark could be set. For instance, Teck, et al. [52] put the loss values in the range of 0.05-0.6 dB/cm at the datacom wavelength depending mainly on the material and the fabrication process, while a recent review of polymer waveguide fabrication [54] quoted dB/cm and dB/cm being the minimum and maximum propagation loss at 850 nm wavelength. The authors therefore believe that further reduction in optical loss is possible with the approach presented here.
VII. CONCLUSION
A 355 nm diode-pumped third harmonic UV Nd:YAG laser within an ESI 5200 UV Via Drill (hosted by Stevenage Circuits Limited, U.K.) was used to machine structures in Truemode™ photopolymer. Its pulsed mode, short wavelength in the UV region and pulse duration of 60 ns are some of the key benefits of this laser, which the authors believe can allow it to complement and/or act as an alternative to the excimer laser for the application under investigation. Based on initial trial results and further systematic studies to measure the depth of ablation as a function of laser system parameters a preferred operating window for polymer waveguide fabrication was identified and believed to be at W, kHz and 5-10 mm/s. Effects of laser ablation power (0.1 Watt to 0.25 Watt) and PRF (5 kHz to 20 kHz) on the depth of ablation were studied. While the graph of the relationship between the laser ablation power and depth of ablation indicates a logarithmic increase in the depth as the laser ablation power increased as expected and in line with literature reports, the relationship between the change in PRF and the depth of ablation showed some anomalies. Although this is not uncommon, the authors believe that this effect supports the presence of both photothermal and photochemical mechanisms for ablation at this wavelength.
Optical waveguides were fabricated and loss measurements carried out to investigate the effects of different machining parameters. A minimum insertion loss of 10.2 dB (including propagation loss and coupling loss) was obtained for 40 mm long waveguides corresponding to a propagation loss of dB/cm. This study on UV Nd:YAG laser ablation of polymer waveguides indicates the potential for this as a low-cost production route since the laser is currently used for high volume PCB production, however, further loss reduction (via fabrication parameter optimisation for example) should be considered in the future. He is a Senior Lecturer at Loughborough University, U.K. He studied fundamental surface chemistry/physics as a Research Associate at a number of U.K. universities and in 1997 he joined Loughborough University, applying this background to the field of electronics manufacture. He was appointed to a lectureship in 1999 and continues research in the areas of high density interconnect, surface preservation and novel substrate manufacture.
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